During animal development, it is crucial that cells can sense and adapt to mechanical 14 forces from their environment. Ultimately, these forces are transduced through the actomyosin 15 cortex. How the cortex can simultaneously respond to and create forces during cytokinesis is not 16 well understood. Here we show that under mechanical stress, cortical actomyosin flow switches its 17 polarization during cytokinesis in the C. elegans embryo. In unstressed embryos, longitudinal cortical 18 flows contribute to contractile ring formation, while rotational cortical flow is additionally induced in 19 uniaxially loaded embryos. Rotational cortical flow is required for the redistribution of the actomyosin 20 cortex in loaded embryos. Rupture of longitudinally aligned cortical fibers during cortex rotation 21 releases tension, initiates orthogonal longitudinal flow and thereby contributes to furrowing in loaded 22 embryos. A targeted screen for factors required for rotational flow revealed that actomyosin 23 regulators involved in RhoA regulation, cortical polarity and chirality are all required for rotational 24 flow and become essential for cytokinesis under mechanical stress. In sum, our findings extend the 25 current framework of mechanical stress response during cell division and show scaling of orthogonal 26 cortical flows to the amount of mechanical stress.
148
For shape parameter quantification of embryos in utero ( Figure 3A) , the embryo perimeter was 149 segmented using a custom MATLAB script by applying a median filter and thresholding. Circularity 150 was defined as 4π(area/permieter 2 ).
151
Calculation of curvature to quantify blebbing ( Figure 3G ) was performed by segmentation of cell 152 boundaries using a custom MATLAB script. For each time point, the boundary at the anterior end of 153 the embryo was divided into 400 equidistant points. A circle was fit for each boundary point using this 154 point and two boundary points that were four points away. The local curvature was defined as 155 reciprocal of the radius of this fitted circle.
156
To establish that the C. elegans embryo follows Laplace's law (Figure 2A In order to establish an unbiased readout for cortical dynamics during cytokinesis, we performed 166 time-lapse microscopy with high spatiotemporal resolution of the first division in wild type (wt) C. 167 elegans embryos expressing NMY-2::GFP (a CRISPR/Cas9 edited GFP-fusion of an essential non-168 muscle myosin II gene) [46] . This data ( Figure 1A) was then subjected to quantitative analysis by 169 particle image velocimetry (PIV). PIV tracking revealed longitudinal cortical NMY-2 flows with opposite 170 direction, from anterior (6±0.05 µm/min, n = 5) and posterior poles (6.5±0.09 µm/min, n = 5) towards 171 the cell equator ( Figure 1B , top panel; Video 1). Convergence of these flows at the equator leads to 5 of 20 the transformation of cortical NMY-2 nodes (1.8±0.1 µm in diameter, n = 25) into parallel, linearly 173 organized NMY-2 (0.25-0.5 µm in width and 3.5±0.6 µm in length, n = 20; Figure 1A ,C), which first 174 form a narrow stripe (6.8±0.07 µm; n = 5) that subsequently becomes part of the incipient contractile 175 ring by alignment and bundling ( Figure 1D ; Video 1).
176
Previously, a physical model based on hydrodynamic active gel theory has explained formation 177 of the F-actin component of the contractile ring by cortical flow [9, 47] . In this model, opposing flows 178 that emerge at the poles and converge at the equator promote ordering of cortical actin filaments into 179 parallel bundles ( Figure 1E ). In agreement with the model, our analyses revealed similar flow velocity 180 profiles for NMY-2 and similar ordering during cortical flow ( Figure 1F ). Therefore, cortical flow not 181 only polarizes F-actin but also NMY-2, thereby promoting contractile ring formation form linearly 182 organized NMY-2 that undergoes bundling in the equatorial region ( Figure 1E Figure 1G ). Nevertheless,
189
NMY-2 decorates actin filaments shortly after onset of cytokinesis; while actin filaments disassemble 190 subsequently after around 15 s, linearly organized NMY-2 and NMY-2 foci have substantially longer 191 half-lives ( Figure 1H ). Consistent with F-actin showing faster cortical turnover, we also find that F-192 actin shows slightly weaker longitudinal flow with a shorter range (0.3±0.2 embryo lengths) when 193 compared to NMY-2 (0.6±0.1 embryo lengths; Figure 1I ). This difference is most likely due to long-194 ranged flow requiring a certain degree of stable, filamentous network components. These kinetic 195 differences also seem to contribute to NMY-2 accumulating at the furrow while F-actin does not 196 accumulate at that site ( Figure 1I ). This is most striking during late cytokinesis where substantial 197 amounts of linearly organized NMY-2 still flow towards the future midbody while F-actin does not 198 show any recognizable flow at that stage ( Figure 1F ). These observations suggest -similar to what 199 has been recently found in mammalian tissue culture [48]that non-muscle myosin II might also be 200 organized in aligned stacks in the C. elegans cortex that can span several micrometers and whose 201 turnover is independent of the turnover of actin filaments. In order to probe cytokinesis mechanics, we used the well-established parallel plate assay [35- 229 37]. To achieve highly consistent uniaxial loading in the parallel plate assay, we employed 230 monodisperse, inert beads with diameters of 25, 20, 15, and 13.5 µm, (representing 0, 20, 40, and 231 46% uniaxial compression, respectively; Video 2). Uniaxial loading induces a shape anisotropy where 232 the surfaces contacting the plates become flat and the remaining surfaces start to bulge. Importantly,
233
it has been shown that uniaxial loading directly impinges on cortex mechanics since (a) the cell 
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Consistent with F-actin having faster cortical turnover, we find slightly weaker and less uniform 248 longitudinal flow for F-actin (lifeact) compared to NMY-2 ( Figure 2C , Figure S1A ). Since uniaxial 249 compression induces a shape anisotropy that leads to anisotropic stress in the cortex [38] , this might 250 alter cortical tension and impinge on longitudinal cortical flows. To test this, we performed cortical 251 laser ablations [29] just prior to the onset of polarizing flow after fertilization parallel to the short axis 252 of the embryo (cuts of 23% embryo width; Figure 2D , Video 3). We chose this time point for ablations 253 since the cortex shows a highly similar architecture to the cortex just prior to cytokinesis [9] and the 254 measurements are not confounded by fast changing patterns of flows. We made sure that the cortical 255 wound induced by laser ablation did not vary in size under different degrees of compression (Figure 256 S1C). Measuring outward velocities of NMY-2 foci post ablation, we found that increased loading 257 generates increased outward flow velocities (11±0.6 µm/min at 20% compression, 23±1 µm/min at 258 40% compression, and 43±2 µm/min at 46% compression; Figure 2D ). Notably, our ablation 259 experiments only allow measurements of changes in total mechanical stress but not the relative which it has been shown that their cortex is more stressed [4, 7, 38] . This suggests that cell cycle- Figure 1C, 1E) . Flows towards 323 the poles dissipate due to dissolution of nodes and lack of a barrier similar to the equatorial band of 324 focal and linear NMY-2 (Video 5). Furthermore, these flows occur at the same time as polar blebbing 325 is observed, which might additionally contribute to cortical relaxation of cortical tension caused by 326 pole-directed cortical flow ( Figure 3G ).
327
Since uniaxial compression leads to anisotropic cortex assembly at the onset of cytokinesis and 328 anisotropic disassembly during furrowing, we asked whether loading induces anisotropies in cortical 329 tension that could also contribute to rotational flow. To test this, we performed laser cutting of the 330 cortex (cuts of 16% embryo length; Figure 3H 
335
When measuring outward velocities 5 s after cortex ablation (as established previously; [29]), it 336 seems that tension increases along the short axis scales more linearly with loading ( Figure 3H , R 2 = 337 0.94, Figure S1G ) than along the long axis ( Figure 2D ; R² = 0.83, Figure S1G ). Also consistent with 
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equatorial actomyosin recruitment is insufficient for furrowing. Similar to human cells [37], we found 382 that the limit of cortex loading is reached at 52% (12 µm beads; 50% for human cells). Due to 383 increased bulging, the cortex ruptures at these bulged sites and the equatorial NMY-2 band 384 disintegrates ( Figure 3I ; Video 8). This confirms that the cortex is bearing the load of compression 385 since we neither observed rupture of the plasma membrane nor of the eggshell. Moreover, it also 386 supports the idea that the cortex behaves like an elastic material that has a yield point at 52% 387 compression. 
391
we performed a targeted screen to identify factors involved in cortical rotation and linear organization.
392
For the screen, we used 20% and 40% compression of embryos, where strong rotational flow is 393 observed in wild-type embryos ( Figure 4A ). This screen identified several factors including (1) MEL-394 11, a myosin-associated phosphatase [51], required for both focal and linearly organized NMY-2 395 ( Figure 4B ; Video 9); (2) LIN-5, a factor known to regulate spindle positioning [52] , which also 396 promotes the transition from focal to linear organization and seems to stabilize the latter ( Figure 4C ; 397 Video 10); (3) ECT-2, a cytokinesis regulatory RhoGEF [53] , which is required for proper size and 398 density of focal and linear NMY-2 ( Figure 4D ; Video 11); (4) RGA-3, a cytokinesis regulatory RhoGAP 399 [54, 55] , for which it has been previously shown that depletion leads to exaggerated rotational flow 400 [44] , and which we find is also required for node formation and to suppress excess linear organization 401 ( Figure 4E ; Video 12); (5) NOP-1, a factor required in parallel with the RhoGAP CYK-4 to promote 402 12 of 20 RHO-1 activation and NMY-2 node formation during cytokinesis [31] , which is also required for the 403 transition to linearly organized NMY-2 ( Figure 4F ; Video 13); and (6) POD-1, a type III Coronin 404 implicated in actin dynamics and crosslinking [56] , which is as well required for this transition ( 
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Although RNAi of these regulators gives rise to very distinct phenotypes, for all factors where 423 furrowing phenotypes were not known (MEL-11, LIN-5, RGA-3, NOP-1, and POD-1), we observed a 424 loading-dependent failure of cytokinesis completion ( Figure 4H ). With the exception of pod-1 RNAi, 425 increased loading leads to an exacerbation of the phenotype. Remarkably, all regulators are known 426 to have opposing phenotypes in actin (act-2) and myosin (nmy-2) mutants [32] and are directly or 427 indirectly linked to the Rho GTPase cycle ( Figure 4I ). This network of factors is essential for 428 cytokinesis' mechanical robustness and by differentially regulating NMY-2 organization seems to 429 indirectly also affect cortical viscosity and compressibility.) Figure 5A) , an important additional phenotype of rga-3 RNAi embryos is persistent 437 and long range linearly organized cortical NMY-2, which can be observed both during a-p polarization 438 ( Fig. 5A) and right after the onset of cytokinesis ( Figure 5B ). This organization is maintained during 439 cytokinesis and leads to peeling of the filaments towards the nascent midbody, lack of a proper 440 contractile ring ( Figure 5B) , and strongly reduced rotational flow under load ( Figure 5C ). Thus, unlike 441 in wt embryos, linearly organized cortical NMY-2 does not undergo remodelling or ruptures in rga-3 442 RNAi embryos. Considering the theory of cortical torques [21] it seems likely that a persistent linear 443 organization of NMY-2 can induce stronger and more long ranged torques than wt. We propose that 444 this leads to excessive chiral flow during polarization but later results in lack of cortical rotation and 445 failed cytokinesis long-range linear connections are not remodelled ( Figure 5B ). Since the contractile ring forms by alignment of linearly organized cortical materialfilaments 460 through RhoA-dependent flow, the whole system also needs to be polarized along the direction of 461 longitudinal compressive flow. Accordingly, we find that disruption of anterior-posterior polarity in par-462 2 or tat-5 RNAi embryos phenocopies the csnk-1 and mom-2 RNAi, a lack of longitudinally polarized 463 compressive flow and shear flow in the equatorial region ( Figure 5C, Figure S2B , S2C; Video 16).
464
Importantly, we also observed shear flow in wt embryos when they are compressed by 46% and do 465 not divide ( Figure 6C; Video 7) . This suggests that under these conditions uniform rotational cortical 466 polarization that is observed in wt embryos up to 40% compression fails after removing factors 467 responsible for cortical polarity and chirality or by excessive loading (Figure 6C, bottom right) . Next,
468
we asked how furrowing itself is affected by uniaxial loading and we tested whether factors known to 469 be required for the intrinsic asymmetry of furrowing such as unc-59 (encoding a septin; [27] ) are also 470 involved ( Figure 6B ). Similar to the requirement of genes involved in cortical polarity and chirality, we 471 also found that unc-59 RNAi embryos lack rotational cortical flow (data not shown) and fail to divide 472 under 40% compression ( Figure 6B ).
473
Taken together, although factors involved in cortex polarity, chirality and asymmetry have not 474 been found to be essential for cytokinesis in previous studies, they all become essential for 475 cytokinesis under mechanical stress ( Figure 6B, 6C ). Furthermore, since compression induces 476 rotational flow and all of the above RNAi embryos also show a loss of uniform polarized rotational 477 flow (Videos 15, 16), we measured the degree of asymmetric furrowing under increasing mechanical 478 load. In accordance with the above findings, we found that furrowing becomes increasingly 479 asymmetric with increased loading (Figure 6D, top) . These results, although correlative, strongly 
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Our data outline a poorly uncharacterized feature of cortical flow, its mechanosensitivity and -524 up to a certain stress levelits mechanostability due to its ability to re-polarize from longitudinal to 525 rotational ( Figure 6D) . Moreover, we demonstrate that uniaxial compression is a straightforward 526 experimental paradigm to systematically investigate the mechanobiology of cortical flow during 527 asymmetric cell division. Importantly, this paradigm shows that the induction of rotational flow 528 depends on the magnitude of total mechanical stress. We also show that re-polarization of cortical 529 flow is followed by anisotropic cortex rupture ( Figure 6D ). Rupture can lead to equator-directed 530 cortical flows during cytokinesis which result in cortical compression around the cell equator and 531 furrowing. This seems to be one mechanism that can balance extrinsic and intrinsic forces during 532 cytokinesis ( Figure 2B, Figure 3B ). These results therefore extend previous work that identified 533 longitudinal flows as non-essential contributors to contractile ring formation [9, 17] . In addition, our 534 results reveal that besides polarization of actin filaments through flow-alignment coupling [9], cortical 535 non-muscle myosin II also shows flow-alignment coupling, however, by having much longer lifetimes, 536 cortical NMY-2 shows higher flow velocities than F-actin and accumulates at the equator and in the 537 midbodyunlike F-actin (Figure 1) . The recent thorough characterization of long, linearly organized 538 non-muscle myosin II stacks whose lifetime is independent of the neighboring F-actin filaments [48] 539 together with our observation of different cortical flow profiles for NMY-2 and F-actin (lifeact) strongly 540 suggests that non-muscle myosin II has roles during cell division that are separable from those F- 
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Previously, it has been demonstrated that the actomyosin cortex of embryos can be viewed as 546 an excitable medium. In such a medium cortical flow in the form of waves is observed due to rapid 547 local auto-activation of RhoA at wave fronts and delayed F-actin-mediated RhoA inhibition at the back 548 of waves [57] . Treating the actomyosin cortex as an excitable material can therefore explain how the 549 spindle determines the site of cleavage during cytokinesis, namely by generating signals that tune 550 the auto-activation/inhibition cycle [57], it might, however, also explain the phenomena observed in 551 this study, namely local activation of RhoA that leads to locally restricted non-muscle myosin II 552 activation and stress-dependent flow polarization. In the framework of an excitable material, it seems 553 most likely that local RhoA activation in uniaxially loaded C. elegans embryos is due to cell cycle 554 state-dependent local auto-activation of RhoA on bulged areas of the cortex through a previously 555 characterized mechanosensitive positive feedback [2] . The spatially restricted RhoA activation at 556 these sites would then lead to the formation of a flow front during rotational flow (Video 5). Moreover,
557
it also seems likely that anisotropies in spindle organization and spindle-cortex contacts pattern local 558 auto-activation and thereby flow polarization. Thus, it is tempting to speculate that strong cortical 559 flows are restricted to cytokinesis since the cortex only shows sufficient excitability during this specific 560 cell cycle state and that only during cytokinesis the spindle or external mechanical forces can induce
